Introduction
Plants produce various defense-related proteins to protect against external attacks by oomycetes, fungi, bacteria, virus and insects. The production of these proteins are also induced via signaling molecules such as salicylic acid, jasmonic acid, ethylene, β-glucan oligosaccharides, chitin and chitosan oligosaccharides, oligogalacturonides and lipopolysaccharides, respectively (Shibuya and Minami 2001; van Loon et al. 2006) . The defense-related proteins are called pathogenesisrelated proteins (PR proteins), and they are categorized into at least 17 families. Within these, glycoside hydrolases (GHs) are found in families PR-2 (β-1,3-glucanase), PR-3, PR-4, PR-8 and PR-11 (chitinases) (van Loon et al. 2006) .
Chitinase hydrolyzes the β-1,4-glycosidic bond of chitin, the linear polysaccharide of GlcNAc (2-acetamido-2-deoxy-D-glucose), to produce chitooligosaccharides. In the CAZy database, chitinases are simply categorized into two families, GH18 and 19, based on their amino acid sequence identity (Cantarel et al. 2009 ). Both families of enzymes differ in their catalytic reaction mechanism. GH18 chitinase utilizes "substrate assisted catalysis" in the hydrolytic reaction, resulting in the net retention of anomeric configuration (Armand et al. 1994; Terwisscha van Scheltinga et al. 1995; Tews et al. 1997; Honda et al. 2004 ). On the other hand, GH19 chitinase utilizes an inverting catalytic mechanism, i.e. two acidic amino acid residues catalyze the hydrolytic reaction with anomeric inversion (Fukamizo et al. 1995; Hart et al. 1995; Andersen et al. 1997; Hollis et al. 1997) .
Plant chitinases belong to GH18 and 19 families, but further classification of the enzymes has been described in many plant chitinase studies (Shinshi et al. 1990; Collinge et al. 1993; Melchers et al. 1994; Taira 2010) . According to recent reports, they are categorized into at least five classes based on the structure of their modular component (Ubhayasekera et al. 2009; Taira 2010) . Classes I, II and IV chitinases have a GH19 family catalytic domain, but the catalytic domain of class IV was smaller than that of classes I and II. Classes I and IV also have a carbohydrate-binding module in the N-terminal region. Classes III and V have a GH18 catalytic domain, but the catalytic domain size of class V is larger than that of class III.
Carnivorous plants utilize an additional nutrition supplier system to compensate for insufficient nutrition in an oligotrophic environment. Carnivorous "pitcher plants" have a special organ to digest the components of the exoskeleton from captured insects. The insect digestive system of the genus Nepenthes has been studied from diverse perspectives (Moran and Clarke 2010) . The plants are widely distributed in the tropics from as far north as Assam, India, through Malaysia and Southeast Asia, to as far south as Queensland, Australia (Slack 2000) . The various enzymes in the pitcher fluid digest insects to obtain the nutrients (Mithöfer 2011) .
Recently, Hatano and Hamada (2008) reported that the proteomic analysis of pitcher fluid from Nepenthes alata indicated that at least seven proteins were secreted in the fluid. Based on analysis, the proteins were annotated as β-xylosidase, nepenthesin I, nepenthesin II, β-1,3-glucanase, chitinase and thaumatin-like protein. Chitin is the main component of the insect exoskeleton and the cell walls of fungi (Theis and Stahl 2004; Kramer and Muthukrishnan 2009) . Thus, chitinase is one of the key enzymes required for insect degradation in the pitcher fluid. In 1972, Amagase et al. (1972) reported that chitinolytic activity was detected from partially purified enzyme from Nepenthes sp. Also, a class I chitinase from Nepenthes khasiana was cloned and characterized (Eilenberg et al. 2006) .
In this study, chitinolytic activity was detected from the pitcher fluid of N. alata. The proteomic analysis indicated that the chitinase (NaCHIT1) was categorized as class IV (Hatano and Hamada 2008) . The class of NaCHIT1 was different from that of chitinase from N. khasiana. These results led to the characterization of the enzymatic properties of a class IV chitinase in detail. Here, we describe the reaction mechanism of the enzyme based on its substrate specificities and kinetic properties.
Results

Protein expression of NaCHIT1 protein
The NaCHIT1gene was ligated into the pET50b(+) vector and the gene was expressed as the His ×6 -Nus-His ×6 -NaCHIT1 fusion protein in E. coli SHuffle ® T7 as a host. The recombinant protein was obtained as the Nus-NaCHIT1 fusion protein from the cell lysate. After the digestion of the fusion protein by HRV3C protease, soluble and active NaCHIT1 was obtained as shown in Figure 1 . The protein was 29 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The N-terminal sequence was G-P-G-Y-Q, corresponding to the sequence determined from the HRV3C protease cleavage site in the fusion protein. These results indicated that the protein was expressed properly.
Characterization of basic enzymatic property
The chitinase activity of the NaCHIT1 protein was checked using colloidal chitin, β-chitin, ethylene glycol chitin, (GlcNAc) n [β-1,4-linked oligosaccharide of GlcNAc with a polymerization degree of n (n = 3-6)] and (GlcNAc) 2 -PNP (4-nitrophenyl-N, N′-diacetyl-β-chitobioside). The enzyme released the products from ethylene glycol chitin and (GlcNAc) n (n = 4-6). The specific activity toward ethylene glycol chitin was 0.06 s . Enzymatic activity as a function of pH and temperature was determined with (GlcNAc) 5 hydrolysis ( Figure 2A and B). The pH optimum was 5.5 at 37°C, and the optimal temperature was 60°C in 50 mM sodium acetate buffer ( pH 5.5).
(GlcNAc) n hydrolysis The (GlcNAc) n (n = 3-6) degradation products catalyzed by the NaCHIT1 protein were analyzed by high-performance liquid chromatography (HPLC). Figure 3 shows the timedependent HPLC profiles of the product of (GlcNAc) 6 hydrolysis by the enzyme. The result indicated that the enzyme produced GlcNAc, (GlcNAc) 2 , (GlcNAc) 3 and (GlcNAc) 4 from (GlcNAc) 6 . The relative amounts of the hydrolytic reaction products, GlcNAc, (GlcNAc) 2 , (GlcNAc) 3 and (GlcNAc) 4 , were 0.04, 0.23, 0.53 and 0.19 at 5 min. Figure 4 shows the time courses of the (GlcNAc) n hydrolytic reaction. The enzyme released (GlcNAc) 2 and (GlcNAc) 3 from (GlcNAc) 5 . The relative amounts of the hydrolytic reaction products, (GlcNAc) 2 and (GlcNAc) 3 , were 0.52 and 0.48 at 5 min. During the (GlcNAc) 4 hydrolysis, GlcNAc, (GlcNAc) 2 and (GlcNAc) 3 were detected as the reaction proceeded. After the hydrolysis of (GlcNAc) 4 for 5 min, the relative amounts of GlcNAc, (GlcNAc) 2 and (GlcNAc) 3 were 0.22, 0.44 and 0.33, respectively. These results suggested that GlcNAc released from the (GlcNAc) 6 hydrolytic reaction was Fig. 1 . SDS-PAGE of the recombinant NaCHIT1. Lane M, XL-Ladder Marker (SP-2110 Broad Range; APRO Life Science Institute); 1, His ×6 -Nus-His ×6 -NaCHIT1 fusion protein after HRV3C protease treatment; 2, purified NaCHIT1 protein after removing other proteins by TALON metal affinity chromatography. F, T, C and P indicate His ×6 -Nus-His ×6 -NaCHIT1 fusion protein, His ×6 -Nus-His ×6 -protein, NaCHIT1 protein and HRV3C protease, respectively. derived from (GlcNAc) 4 after the degradation of (GlcNAc) 6 . No products were detected from the (GlcNAc) 3 hydrolytic reaction. Oligosaccharides larger than the initial substrates in the enzymatic reaction were not detected even at an extended incubation time, indicating that the enzyme had no transglycosylation activity.
Anomeric forms of the reaction products Figure 5A shows the anomeric analyses of the enzymatic hydrolysis products from (GlcNAc) 5 and (GlcNAc) 6 . The initial anomeric ratios (α:β) of (GlcNAc) 5 and (GlcNAc) 6 were 0.64:0.36 and 0.61:0.39 at 0 min. After the hydrolysis of (GlcNAc) 5 , only the α-anomer of (GlcNAc) 3 was found after 1 min, indicating that the enzymatic reaction proceeded with the inversion of the anomeric configuration. The anomeric ratio of (GlcNAc) 2 was 0.68:0.32. This cleavage pattern also indicates that the enzyme hydrolyzed (GlcNAc) 5 at the third linkage from the non-reducing end.
After the hydrolysis of (GlcNAc) 6 for 1 min ( Figure 5B ), the anomeric ratios of the reaction products were 0.64:0.36 [(GlcNAc) 2 ], 0.74:0.26 [(GlcNAc) 3 ] and 1.0:0 [(GlcNAc) 4 ], respectively. These anomeric ratios indicated that the enzyme hydrolyzed the third and fourth glycosidic linkages from the non-reducing end of (GlcNAc) 6 .
Kinetic analysis of (GlcNAc) n hydrolysis Figure 6 shows a double-reciprocal plot for (GlcNAc) n (n = 4-6) hydrolysis by NaCHIT1. Inhibition was observed during (GlcNAc) 4 and (GlcNAc) 5 hydrolysis at the higher substrate concentration range. The shorter the substrate chain length, the stronger this inhibition. The kinetic parameters of (GlcNAc) 4 and (GlcNAc) 5 were calculated at the lower substrate concentration range (<3 mM). The kinetic parameters of (GlcNAc) n are summarized in Table I . The highest k cat values were obtained using (GlcNAc) 6 as the substrate. k cat /K m of the (GlcNAc) n hydrolysis increased with an increase in the degree of polymerization.
Discussion
According to the reports of class I and II chitinases, their optimum activity temperatures range between 50 and 70°C (Iseli et al. 1993; Vogelsang and Barz 1993; Fung et al. 2002; Kaomek et al. 2003; Truong et al. 2003; Taira, Ohdomari, et al. 2005; Taira, Toma, et al. 2005; Taira et al. 2011 ). For one class IV chitinase, a papaya chitinase, the optimum temperature of activity was only reported as 30°C (Chen et al. 2007 ). The optimum temperature of NaCHIT1 was two times higher than that of papaya chitinase, though the amino acid identity was 61% between papaya chitinase and NaCHIT1. The pH in the pitcher fluid of N. alata was about pH 5.5 after addition of chitin (data not shown), suggesting that NaCHIT1 was operating under optimal conditions in the pitcher fluid.
Three-dimensional structures of the catalytic domains of plant chitinases belonging to class I, II and IV families have been reported (Hart et al. 1995; Hahn et al. 2000; Fig. 3 . HPLC profiles of (GlcNAc) 6 hydrolysis by NaCHIT1. Roman numerals indicate the degree of polymerization of GlcNAc. The enzymatic reaction was performed in 50 mM sodium acetate buffer ( pH 5.5) at 37°C. Class IV chitinase from the pitcher of the carnivorous plant Ubhayasekera et al. 2007 Ubhayasekera et al. , 2009 Huet et al. 2008; Mizuno et al. 2008; Ubhayasekera 2011) . The catalytic domain of the chitinases is highly α-helical and a bi-lobed structure. Five flexible loops (I, (164) (165) (166) (167) (168) (169) (170) II, (217) (218) (219) (220) (221) (222) III, IV, (308) (309) (310) (311) and V, (325) (326) (327) (328) (329) (330) (331) (332) ; the residue numbers correspond to Brassica juncea family I like chitinase) exist in the catalytic domain of class I and II chitinases (Ubhayasekera et al. 2009 ). In contrast, the three-dimensional structure of class IV chitinase (PaChi(s)) from a Picea abies (Norway spruce) revealed that the corresponding II, IV and V loops were lacking in the catalytic domain (Ubhayasekera et al. 2009 ). Figure 7 shows the primary structural alignment between NaCHIT1 and PaChi(s) (amino acid identity: 54%). This alignment suggests that α-helical structural regions, deduced catalytic residues and cysteine residues for disulfide bond formation in both enzymes were conserved in NaCHIT1. Also, the loop I and III regions were found in the NaCHIT1, suggesting that NaCHIT1 had a similar three-dimensional structure to PaChi(s). Ubhayasekera et al. (2009) suggested that the PaChi(s) was optimized for the cleavage of shorter substrates by these structural deletions. The bacterial GH19 chitinase had been also reported to be lacking in these corresponding three loops in the catalytic domain (Kezuka et al. 2006) . It should be noted that bacterial GH19 chitinase displayed high activity toward soluble chitin and glycol chitin rather than powdered prawnshell chitin and β-chitin (Kawase et al. 2006 ). The latter substrates were composed of highly crystalline chitin, resulting in low water solubility. This observation is in accordance with the chitinolytic activity of NaCHIT1. Thus, the absence of the II, IV and V loops in the catalytic region likely led to the lower activity toward insoluble polymeric substrates.
The hydrolytic patterns of chitooligosaccharides provided information of the subsite structure. NaCHIT1 did not hydrolyze (GlcNAc) 3 , suggesting that the enzyme formed a nonproductive complex that did not overlap with the cleavage site. Judging from the (GlcNAc) 4 and (GlcNAc) 5 hydrolytic reaction by NaCHIT1, the non-reducing end consisted of three subsites whereas the reducing end consisted of two subsites based on the product distribution from the (GlcNAc) 5 hydrolytic reaction. These results indicated that the enzyme had at least five subsites assigned as −3 to +2 in the active site.
As shown in Figure 6 , inhibition was observed during (GlcNAc) 4 and (GlcNAc) 5 hydrolysis. At high substrate concentrations, the shorter oligomeric substrate molecules tend to form a non-productive enzyme-substrate complex, resulting in a decrease in the initial velocity (Dixon and Webb 1979) . Under our experiment conditions (substrate degradation was less than 10%), the products [GlcNAc, (GlcNAc) 2 , (GlcNAc) 3 and (GlcNAc) 4 ] derived from the (GlcNAc) 6 hydrolytic reaction did not affect the kinetic behavior of the (GlcNAc) 6 hydrolytic reaction. These results suggested that the independent hydrolysis of (GlcNAc) 4 or (GlcNAc) 5 was subjected to substrate inhibition at high concentrations.
(GlcNAc) n polymers with n ≥ 6 have been known to exhibit strong elicitor activity for induced production of PR proteins (Shibuya and Minami 2001) . The substrate specificity of NaCHIT1 indicated that the enzyme specialized in the hydrolysis of oligomeric substrates rather than polymeric substrates. We thought that NaCHIT1 may play a role in the degradation of (GlcNAc) n (n ≥ 6) derived from crystalline chitin. The enzyme also produced short (GlcNAc) n (n ≤ 5) from long (GlcNAc) n (n ≥ 6). As shown in Figure 6 , at high concentrations of (GlcNAc) 5 and (GlcNAc) 4 , substrate inhibition was observed. Considering the subsite structure, (GlcNAc) 3 and (GlcNAc) 2 also might inhibit the enzyme. We considered that these inhibitory activities regulated the (GlcNAc) n (n ≥ 6) enzymatic hydrolytic reaction.
In conclusion, plant class IV chitinase from N. alata have five subsites (from −3 to +2) in the active site. The active site Fig. 6 . Double-reciprocal plots for (GlcNAc) n (n = 4-6) hydrolysis by NaCHIT1. Symbols indicate (GlcNAc) 4 (closed circles), (GlcNAc) 5 (open circles) and (GlcNAc) 4 (closed squares). Other conditions are described in the text. Fig. 5 . Anomer analysis of hydrolytic products from (GlcNAc) 5 and (GlcNAc) 6 . (A) (GlcNAc) 5 degradation and (B) (GlcNAc) 6 degradation. Roman numerals indicate the degree of polymerization of GlcNAc. The reaction products were analyzed by a TSK-GEL AMIDE-80 column (4.6 × 250 mm, Tosoh) and eluted with acetonitrile-water (7:3 v/v) at a flow rate of 1.0 mL/min at 25°C. Table I . Kinetic parameters of the (GlcNAc) n hydrolytic reaction were optimized for (GlcNAc) n hydrolytic reaction rather than polymeric substrates. The substrate inhibition was also observed in the (GlcNAc) n (n = 4 and 5) hydrolytic reaction. These are important findings for understanding the role of the chitinase in the pitcher fluid.
Materials and methods
Materials β-Chitin (β-crystal structure, made from squid), ethylene glycol chitin, (GlcNAc) n (n = 2-6) and (GlcNAc) 2 -PNP were purchased from Seikagaku Kogyo Co. (Tokyo, Japan). Colloidal chitin was prepared from crystalline powder chitin (Wako Pure Chemical Industries, Osaka, Japan) as described previously (Nishimura et al. 1989 ). Other reagents were of analytical grade and were obtained commercially.
Expression of NaCHIT1 protein
The gene-encoding sequence of NaCHIT1 was amplified from NaCHIT1 cDNA (Hatano and Hamada 2008) by polymerase chain reaction. The primers used for the reaction were as follows: NaCHIT1-pET50-F (5′-CTCTTTCAGGGACCCATG GCTCTCTCCGCGGAAAT-3′) and NaCHIT1-pET50-R (5′-CG GATCCTGGTACCCTTAGCAATAAAGATTACCAC-3′). The amplified fragment was cloned into the SmaI site of the pET-50b(+) vector (Novagen, Madison, WI) using an In-Fusion PCR Cloning Kit (CLONTECH Laboratories, Mountain View, CA). The resultant plasmid, pET-50b-NaCHIT1, encoded Nus with the His ×6 sequence added to its N-and C-terminal end and the NaCHIT1 protein. The pET-50b-NaCHIT1 plasmid was introduced into Escherichia coli SHuffle ® T7 (New England BioLabs, Beverly, MA). The cells were grown in Luria broth supplemented with 30 mg L −1 kanamycin at 30°C and isopropyl-β-D-thiogalactoside (final concentration 0.4 mM) was added to the culture when the optical density at 600 nm reached 0.6. The cells were grown in the induction medium at 16°C overnight and collected by centrifugation at 3400 g for 15 min. The His ×6 -NusHis ×6 -NaCHIT1 fusion protein was extracted from the wet cells using CelLytic B 2× (Sigma-Aldrich, St Louis, MO) in accordance with the manufacturer's instructions.
Purification of recombinant NaCHIT1
The soluble proteins were purified by TALON metal affinity resin (CLONTECH Laboratories) according to the instruction manual. Subsequently, the purified fusion protein and HRV3C protease (Novagen) were incubated for 16 h at 4°C. Finally, the NaCHIT1 protein was separated from the reactant using TALON metal affinity resin. The purity of the proteins was determined by SDS-PAGE (Laemmli 1970) . XL-Ladder Marker (SP-2110 Broad Range; APRO Life Science Institute, Tokushima, Japan) was used as the standard molecular markers for SDS-PAGE. Protein concentrations were determined by absorbance at 280 nm on the basis of the theoretical molar absorption coefficients (52,215 M −1 cm −1 ), as described previously (Pace et al. 1995) . The N-terminal amino acid sequence of the purified recombinant protein was determined using an ABI Procise 491HT protein sequencer (Applied Biosystems, Forster City, CA).
Enzyme assay
The enzyme activities toward polymeric substrates were measured as an increase in reducing sugar by a modified Schales procedure using (GlcNAc) 2 as the standard (Imoto and Yagishita 1971) . The (GlcNAc) n (n = 3-6) hydrolytic activity was determined by measuring the decrease in the substrate during the hydrolysis of the saccharides. The enzymatic reaction was carried out in 50 mM sodium acetate buffer ( pH 5.5) at 37°C. At the appropriate reaction time, aliquots of the reaction mixture were boiled for 5 min to inactivate the Fig. 7 . Alignment of the amino acid sequences of catalytic domains in NaCHIT1 and PaChi(s). Alignment was performed using program of the GENETYX-WIN software, version 9.0 (Genetyx Software Development Co., Ltd, Tokyo, Japan). Coiled symbols indicate α-helix regions in PaChi(s) (PDB accession number: 3HBE). Regions I and III indicate the corresponding loop structure regions in PaChi(s). Asterisks and open circles are catalytic residues (E113 and E122) and cysteine residues (C69/C118, C130/C138 and C219/C251) for disulfide bonds deduced from the three-dimensional structure of PaChi(s) (Ubhayasekera et al. 2009 ). Numbering for amino acid residues of PaChi(s) followed as described in reference (Ubhayasekera et al. 2009 ).
Class IV chitinase from the pitcher of the carnivorous plant enzyme. (GlcNAc) n hydrolytic activity was monitored by HPLC using a Shodex Asahipak NH2-50 4E column (4.6 × 250 mm; Showa Denko, Tokyo, Japan) and eluted with acetonitrile-water (70:30 v/v) at a flow rate of 1.0 mL/min at 30°C. The products were detected by absorbance at 215 nm with a UV-VIS monitor (SPD 10A, Shimadzu, Kyoto, Japan).
Effects of pH and temperature on enzymatic activity Enzymatic activity was measured under the standard conditions of 0.8 mM (GlcNAc) 5 hydrolysis, while the pH of the reaction mixture was changed for each 50 mM buffer portion. The buffer systems used were sodium acetate ( pH 3.2-5.5) and sodium phosphate ( pH 6.0-7.5). The final pH values of the reaction solution were determined after the addition of the enzyme and the substrates. The optimum temperature of activity was measured at various temperatures in 50 mM sodium acetate buffer ( pH 5.5).
Analysis of anomeric products
The anomeric forms of the hydrolytic products from (GlcNAc) 5 and (GlcNAc) 6 (0.8 mM) were determined using an isocratic HPLC method (Koga et al. 1998 ). The enzymatic reaction was performed in 40 mM sodium acetate buffer ( pH 5.5) at 25°C with an enzyme concentration of 0.3 μM. After incubation for 1 min, an aliquot (10 μL) of the reaction solution was immediately loaded onto a TSK-GEL AMIDE-80 column (4.6 × 250 mm; Tosoh, Tokyo, Japan) and eluted with acetonitrile-water (7:3 v/v) at a flow rate of 1.0 mL/min at 25°C, to separate the (GlcNAc) n anomers. The substrate and products were detected as described in Enzyme assay.
Kinetic analysis of the hydrolytic reaction
To determine the apparent kinetic parameters, (GlcNAc) n (n = 4-6) was subjected to hydrolysis in 50 mM sodium acetate buffer ( pH 5.5) at 37°C. The kinetic parameters were calculated by the linear regression of the experimental data with double-reciprocal plots of initial rates vs the substrate concentrations.
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